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Abstract—In this paper, the Space Polarization Shift Keying
(SPSK) system, which is an extended version of Space Shift
Keying (SSK) and includes both space and polarization dimen-
sions with dual polarized antennas, is studied. The capacity
and error probability analysis of SPSK for different polar-
ization configurations are dealt with over the Rayleigh fading
channel with a rich scattering environment. The analysis con-
ducted shows that the SPSK with a dual polarized antenna
(DP) offers better results than SPSK with a single orthogo-
nal polarized antenna SPSK(SP), under non-LOS conditions.
SPSK(DP) outperforms SSK by 4.2 dB over the correlated
Rayleigh fading channel at 3 bits/s/Hz.
Keywords—ABER, dual polarized antenna, Rayleigh fading,
spatial modulation, SPSK, SSK.
1. Introduction
In wireless communications, the need for high data ex-
change rates and spectral efficiency is increasing on a con-
tinuous basis. Demand for spectral efficiency means that
the power required for transmission is growing as well. As
the power increases, more radiation will be emitted from
the antenna which, in turn, increases the pollution. So, re-
duction of the transmit power, achieved with a simultaneous
data rate increase, is the major concern. High data exchange
and spectral efficiency rates can be achieved by using more
antennas, both in the transmitter and the receiver, and this
means that the Multiple Input Multiple Output (MIMO)
scheme is employed. The higher number of transmit an-
tennas increases the data exchange rate and information is
transmitted in a parallel way.
One such case is the Vertical-Bell Laboratories Layered
Space- Time system (V-BLAST), where information is spilt
into many parallel sub-streams which are allowed to trans-
mit from all transmit antennas at the same time. This in-
creases both the data rate and the spectral efficiency, but
synchronization is required for all the transmit antennas to
send information at the same time. V-BLAST employs spa-
tial multiplexing here. The major disadvantage is linked to
Inter Channel Interference (ICI) and Inter Antenna Interfer-
ence (IAI). As more antennas are active at the same time,
many RF channels are required to transmit the information,
which increases the level of radiation.
In the development of green wireless communication spatial
modulation (SM), as introduced by Mesleh et al., where
multiplexing was used to increase the data rate of a single
antenna system, it is proposed that the complexity of the
receiver design should remain low [1]. In SM, only one
antenna is active at a given time, hence one RF chain is
required which, in turn, reduces radiation. IAI and ICI can
be avoided. In SM information is conveyed through both
modulation index M and antenna index Nt . As the number
of transmit antennas increases, the number of information
bits increases as well. The total number of information bits
transmitted is log2(M×Nt). In Space Shift Keying (SSK),
however, the information is conveyed through the antenna
index only [2].
Polarization Shift Keying Modulation (PSKM) is presented
in [3], where binary bits are encoded as orthogonal states
of polarization. In contrast to binary PSKM scheme, the
multi-level PSKM scheme supports higher data rates, as
multiple bits are encoded in one symbol. An additional
polarization index is also added to the antenna index to
relay the information, known as Space Polarization Shift
Keying (SPSK) [4]. In SPSK, instead of a modulation
index, a polarization index P is used along with dual polar-
ized antennas at both input and output points. So, the total
number of bits transmitted is log2(2Nt ×P). For example,
instead of using four single polarized transmit antennas in
SM, only two dual polarized antennas are used here, which
reduces the installation cost and also improves the spectral
efficiency compared to single polarized antennas. Appli-
cations like Internet of Things and mobile devices with
receive antenna orientation may opt for SPSK(DP) to im-
prove spectral efficiency.
This paper is organized as follows: Section 2 introduces
the system model. Section 3 deals with the performance
analysis in detail. Section 4 discusses the results achieved
by the system proposed in this paper.
2. System Model
A general system model is shown in Fig. 1, consisting of
Nt dual polarized transmit antennas and Nr dual polarized
receive antennas. A random sequence of information bits
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Fig. 1. SPSK system model with dual polarized antennas.
enters the encoder which groups the information sequence
of size m = 2log2 Nt +1 to a constellation vector:
s jp =


0 0 . . . 0 1p 0 . . . 0 0
↑
j-th position

 ,
where j is the active antenna index and p is the polar-
ization index (x denotes horizontal and y denotes vertical
polarization).
Each group is divided into two blocks, the first bit chooses
the polarization index and the next 2log2 Nt bits choose
the antenna index. In the SPSK system, only one antenna
is active during the transmission. All others are idle. Com-
pared to the SPSK system with a single polarization trans-
mit antenna, the SPSK(DP) system proposed, with dual
polarized transmit antennas, increases the spectral effi-
ciency twice compared to the earlier system. The receiver
combines the signal received from Nr receive antennas.
ML detector estimates the polarization index, the antenna
index and the estimated symbol s is obtained.
3. SPSK(DP) Performance Analysis
The horizontal polarized component Ex and vertical po-
larized component Ey are represented as:
Ex = a1 cos(ωt +θ1)
Ey = a2 cos(ωt +θ2)
, (1)
where a1 and a2 are Rayleigh distributed random variables
and θ1 and θ2 are uniformly distributed random variables.
The signal received at the two antenna elements is given
by:
V1 = Ey cosα +Ex sinα
V2 =−Ex cosα +Ey sinα
, (2)
where only the vertical component is present for α = 0◦ and
only the horizontal component is present for for α = 90◦.
The dual polarized antenna at the receiver side, receives the
transmitted signal with two branches. Due to the multipath
effect, the signal with either horizontal or vertical polariza-
tion may get depolarized. So, the channel is assumed to be
constant during the symbol time. The perfect knowledge of
the channel state at the receiver side is assumed. Maximum
Likelihood (ML) detection is performed at the receiver side.
From the combined receive signal Y , first antenna index j
is estimated, then the polarization index p of the active
antenna is estimated based on cross-correlation comparing
the signal strength from co-polar and cross-polar branches.
The two estimation processes are interdependent. The av-
erage received power on the co-polar branches is greater
than on the cross-polar branches. Therefore, polarization
index estimation does not lead to errors. Hence, in the sys-
tem with Nr receive and Nt transmit antennas the overall
probability of error is reduced compared to SSK.
The signal at the receiver is:

y1
y2
.
.
.
yNr


=
√
ES


ak,1e
− jθk,1
ak,2e
− jθk,2
.
.
.
ak,Nr e
− jθk,Nr


+


n1
n2
.
.
.
nNr


. (3)
The received signal in vector form is,
Y = Sk +N . (4)
In Eq. (4), the received signal is represented as
[y1, y2, . . . , yNr ]T ,
√
Es is the signal power, ak, j is ampli-
tude and θk, j is angle of signal sk multiplied with channel
coefficients h j. [n1, n2, . . . , nNr ]T is the noise vector with
AWGN symmetric parameters.
The decision metric Dk is given by:
Di|uk =<y, si >−
1
2
< si, si >
Di|uk =< sk, si > + <w, si >−
1
2
∥∥
si
∥∥2 . (5)
The ML decision rule of SPSK(DP) for BPSK modulation
is written as:
u =
{
u1 if D1 > D2
u2 otherwise
, (6)
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where < si, si > is the inner product of vectors si and si.
u1, u2 are binary symbols transmitted by signals s1(t)
and s2(t).
The conditional error probability is given by [4]:
p(e|H) = 1
2
pu1(e|H)+
1
2
pu2(e|H) , (7)
p(e|H) = p(|| y− s1||2−|| y− s2||2) , (8)
p(e|H) = p(X > || s1 − s2||2) , (9)
p(e|H) = Q


√
Es|| s1 − s2||2
4N0

 . (10)
By the explanation of Q function
p(e|H) = 1
pi
∫ ∞
0
exp
( ρ
4sin2 θ
)Nr
fρ (ρ)dρdθ , (11)
p(e|H) = Mρ(s)Nr
∣∣∣∣
s= ρ
4sin2 θ
dθ . (12)
The Eq. 12 is reduced as closed form expression using [5]:
p(e|H)=
(
1−µ(c)
2
)Nr m−1
∑
k=0
(
m−1+k
k
)(
1+µ(c)
2
)k
, (13)
where c = ρ4 and µ(c) =
√
c
1+c .
The average error probability of Nt transmit antennas is [4]:
Pb =
Nt
2
Nt −1
[
1
Nt
Nt
∑
m=1
Nt
∑
m6=n=1
p(e|H)
]
. (14)
4. Results and Discussion
For Nt = 4 and Nr = 4 transmit antennas SPSK symbol with
the speed of 3 bits/s/Hz is analyzed in the SPSK(DP) mod-
ulation scheme. The dual polarized antenna at the receiver
side, receives the transmitted signal with two branches. The
theoretical expressions are validated by Monte Carlo sim-
ulation. From Fig. 2, the SPSK system with dual polar-
ized antennas SPSK(DP) outperforms both SSK and SPSK
with a single polarized antenna. The power allocated to
SPSK(SP) and SPSK(DP) is the same in the rich scatter-
ing Rayleigh environment. For the SNR of 14 dB, SSK,
SPSK(SP) and SPSK(DP) achieve the error performance
of 1.48 · 10−5, 4.9 · 10−6 and 3.57 · 10−7, respectively. In
the case of LOS, single polarized antennas will outperform
dual polarized transmit antennas [4]. For the fixed average
bit error rate (ABER) value, SPSK(DP) outperforms SSK
and SPSK(SP) by 4.2 dB and 3 dB, respectively.
From Fig. 3, the capacity of SPSK schemes is increased
compared to SSK. In the SSK system, the information
bits are transmitted only through the antenna index, and
in SPSK, orthogonal polarization is also indexed for the
transmission of information.
Fig. 2. Average bit error probability of different configurations
compared to SSK.
Fig. 3. Channel capacity of different configurations compared
to SSK.
5. Conclusions
This paper compares the performance of SSK, SPSK(SP),
SPSK(DP) systems. Dual polarized antennas at the trans-
mitter and receiver of SPSK increase channel capacity and
reduce error probability compared to SSK systems in the
rich scattering environment. The increase in size of spatial
constellation with dual polarized antennas results in better
performance.
System performance studied over generalized fading chan-
nels is the subject of future work. The SPSK(DP) system
can be experimentally evaluated using the NI LabVIEW
software and the 18-slot PXIe chassis hardware platform.
USRP RIO 2943R with the 2×2 MIMO configuration can
be used as transceivers.
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